Introduction
Severe acute kidney injury (AKI) is a life-threatening clinical condition that confers increased risk of chronic kidney disease, end-stage renal disease, and mortality (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . In AKI, the loss of kidney function is associated, in many cases, with inflammatory cell infiltration in the kidney interstitium (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Normal kidney architecture can be lost, leading to (a) interstitial fibrosis and scarring mediated by macrophages, myofibroblasts, and increased pericyte-endothelium distance; (b) progressive decline in secretory and excretory function; and (c) an inability to regenerate functional kidney tissue (23) (24) (25) (26) (27) (28) (29) (30) (31) .
The mononuclear phagocyte (MP) system is a family of cells consisting of bone marrow progenitors, monocytes, macrophages, and DCs (32) . They are present throughout the kidney tissue (15, 16, (33) (34) (35) and are derived from multiple sources (36, 37) . F4/80 hi -expressing MP cells are derived from the yolk sac and fetal liver during embryonic life (36) . These cells are kidney-resident macrophages (KRMs) that can transport material into the interstitium across the endothelium in uninjured kidneys (37) . In animal models of AKI, neutrophils and MPs from the peripheral circulation infiltrate into the kidney in large numbers within 24 hours (13, 15, 16) . However, the enduring sources of renewal for F4/80
hi KRMs and F4/80 lo -infiltrative MPs after AKI remain unknown. Two potential sources of KRMs and other renal MPs are bone marrow hematopoiesis-derived MPs or in situ renewal independent of bone marrow hematopoiesis (36) . Upon transmigration into tissues from the blood, bone marrow-derived monocytes differentiate into macrophages or DCs (38, 39) . Due to Acute kidney injury (AKI) is a devastating clinical condition affecting at least two-thirds of critically ill patients, and, among these patients, it is associated with a greater than 60% risk of mortality. Kidney mononuclear phagocytes (MPs) are implicated in pathogenesis and healing in mouse models of AKI and, thus, have been the subject of investigation as potential targets for clinical intervention. We have determined that, after injury, F4/80 hi -expressing kidney-resident macrophages (KRMs) are a distinct cellular subpopulation that does not differentiate from nonresident infiltrating MPs. However, if KRMs are depleted using polyinosinic/polycytidylic acid (poly I:C), they can be reconstituted from bone marrow-derived precursors. Further, KRMs lack major histocompatibility complex class II (MHCII) expression before P7 but upregulate it over the next 14 days. This MHCII -KRM phenotype reappears after injury. RNA sequencing shows that injury causes transcriptional reprogramming of KRMs such that they more closely resemble that found at P7. KRMs after injury are also enriched in Wingless-type MMTV integration site family (Wnt) signaling, indicating that a pathway vital for mouse and human kidney development is active. These data indicate that mechanisms involved in kidney development may be functioning after injury in KRMs.
remarkable plasticity, bone marrow-derived MPs have the ability to differentiate into renal myofibroblasts, although this represents a small proportion of myofibroblast precursors (40) .
Previous studies of the role of MPs in the pathogenesis and resolution of AKI were not designed to clearly define the ontogeny of these cells, nor did they explicitly correlate immune cell lineage, embryonic versus adult bone marrow hematopoiesis, with differing gene expression (13, 16, 34, 41) . In addition, supporting the importance of MPs in the pathogenesis of AKI, nonspecific depletion of infiltrative MPs and resident macrophages reduced survival after AKI (13) . In the heart, tissue-resident macrophages are known to participate in injury response and support normal physiology (42) (43) (44) . Resident macrophages are present during early kidney development, suggesting their role in the process (36, 45) . Therefore, the purpose of this study was to (a) test the hypothesis that a subset of KRMs harness a developmental transcriptional profile during healing and (b) to define a lineage-specific subset that may be targeted in therapeutic strategies in the future.
Results

F4/80
hi kidney macrophages are minimally replaced by precursors from the blood after ischemia/reperfusion AKI. We established a model of ischemia/reperfusion-induced (IR-induced) AKI (IR-AKI) in parabiotic mice ( Figure 1A Figure 1B and Supplemental Figure 1 , A and B) in the kidney after AKI. Four weeks after establishment of parabiosis between CD45.2 C57BL/6J and CD45.1 congenic C57BL/6J mice, one pair member was subjected to 30 minutes of bilateral renal IR. Serum creatinine levels were significantly increased in the injured pair members at 1 and 3 days after injury, while uninjured pair members showed no significant increases in serum creatinine (Supplemental Figure 2 , A and B). As expected, serum creatinine levels in sham controls were unchanged relative to baseline (Supplemental Figure 2 , C and D). Histologic sections stained with periodic acid-Schiff hematoxylin demonstrated classic signs of AKI in injured mice 1 and 3 days after injury, including necrotic tubules, casts, and loss of brush border, whereas uninjured pair members and sham kidneys appeared normal with intact proximal tubules (Supplemental Figure 2 , E and F). The acute inflammatory infiltrate was dominated by neutrophils (CD45 + lymphoid lineage -Gr-1 hi CD11b + F4/80 -MHCII -) and Ly6C-expressing infiltrative MPs (R1a, R1b, R1c), with significant increases in proportions of leukocytes and absolute numbers normalized to tissue mass ( Figure 1 , B-F) at day 1 with a near-complete return to sham levels at day 3. In injured mice, KRM (R2  F4/80 hi , Figure 1B ) absolute numbers remained constant until day 14 ( Figure 1G ). In order to determine the extent to which infiltrative MP differentiates into F4/80 hi KRMs after IR-AKI, we measured the presence of chimeric, blood-borne leukocytes among the R2 population at 1, 3, and 14 days after injury. Even after extensive MP infiltration (relative increase in absolute numbers of infiltrative MPs, IR minus sham: R1a 5.6 × 10 5 ± 0.8 × 10 5 , R1b 1.8 × 10 5 ± 0.2 × 10 5 cells/g tissue at day 1), the percentage of chimerism among R2 cells after IR increased to 5.2% ± 1.2% compared with 0.7% ± 0.4% in sham controls (P < 0.05) after 3 days and returned to sham levels 14 days after injury ( Figure 1G ). In contrast, the percentage of chimerism of R1a MPs significantly increased to 22.6% ± 2.8% compared with that of sham controls, at 12.1% ± 1.5% (P < 0.05), 3 days after injury ( Figure 1D ).
In order to validate flow cytometry measurements of chimerism and localize F4/80-expressing cells, we performed confocal microscopy of AKI in parabiosis kidneys 3 days after injury. Colocalization analysis, measuring the percentage of overlapping pixels for CD45 allotypes against total F4/80 + pixels, indicated that F4/80 protein colocalized with the native CD45 allotype (CD45.2, yellow cells, Figure 1 , H and I) with greater frequency than the chimeric, infiltrative allotype (CD45.1, magenta cells, Figure 1 , H and I). We observed CD45.1-expressing infiltrative cells with macrophage morphology in both the medullae and cortices of the kidneys of injured CD45.2 mice, indicating infiltrative MPs were present and available to differentiate (Figure 1I and Supplemental Figure 2G ). These data together support the hypothesis that F4/80 hi KRMs remain independent from and do not extensively differentiate from infiltrative MPs, even in the context of IR-AKI. (37) . Fc γ receptor (Fcgr) expression by kidney leukocytes is intriguing due to the prevalence of inflammatory kidney diseases involving immune complex deposition, including autoimmune and drug-induced interstitial nephritis. We studied dynamic Fcgr and mer tyrosine kinase (MerTK) expression by flow cytometry, in the context of IR-AKI, as potential novel surface markers for KRMs and infiltrative MPs. In sham controls, R2 KRMs demonstrated significantly higher expression of MerTK, Fcgr1, Fcgr2/3, and Fcgr4 compared with R1-and R1c-infiltrative MPs and lymphoid lineage cells, indicating these may serve as steady-state markers for KRMs (Figure 2, A-D) . However, expression for these surface proteins was observed in infiltrative MPs, albeit at lower levels ( Figure 2, A-D) . Interestingly, MerTK, Fcgr1, and Fcgr2/3 expression was specifically induced in R2 KRMs secondary to IR-AKI (Figure 2 , A-C), while Fcgr4 expression decreased in KRMs in response to injury but remained increased relative to R1 and R1c cells ( Figure 2D ). Using this information, we devised a phenotyping strategy for identifying R2 KRMs and R1-infiltrative MPs. Live CD45 + lymphoid lineage -cells were studied for expression of Fcgr4 and Fcgr1 ( Figure 2E ). We found that Fcgr4 renewal of chimeric cells, and measured the disappearance of chimeric leukocytes ( Figure 3A ). CD11b + Ly-6C hi lymphoid lineage -blood monocytes declined significantly more rapidly after pair separation than CD11b + Ly6C lo lymphoid lineage -monocytes in the peripheral blood ( Figure 3B ). Lymphocytes, in contrast, containing populations of long-lived memory cells, did not turn over within 14 days of separation ( Figure 3B ). By 14 days after separation, the percentage of chimerism for R1a and R1c intrarenal MPs was 0.59% ± 0.12% and 2.16% ± 0.31%, respectively, indicating near-complete turnover, even for major histocompatibility complex class II-expressing (MHCII-expressing) and CD11c-expressing R1c MPs ( Figure 3C and Supplemental Figure 3 ). The percentage of chimerism of R2 KRMs was 1.05% ± 0.31% ( Figure 3C ). These data together indicate R1 F4/80 lo intrarenal MPs rapidly turn over, and, in healthy uninjured adult mice, R1 MPs do not appear to differentiate into R2 KRMs.
KRMs are replaced by bone marrow-derived precursors after the niche is opened. Given that R2 KRMs are not replaced by precursors from the blood in the setting of steady state and are only minimally replaced after IR-AKI, we endeavored to determine why half of these cells were previously shown to be dependent on Myb, a transcription factor required for normal hematopoiesis, in the landmark study by Schulz et al., because the parabiosis data were not consistent with this result (36) . In order to validate that R2 KRMs can be dependent on Myb, and consequently bone marrow hematopoiesis, we repeated the experiment performed in the Schulz et al. study ( Figure 4A ). Reproducing their findings, in Mx1
Cre+ Myb fl/fl mice treated with polyinosinic/polycytidylic acid (poly I:C) and transplanted with CD45.1 congenic bone marrow, R2 KRMs demonstrated 39.0% ± 4.5% chimerism 3 months after transplant ( Figure 4 , B and C). This was in contrast to R2 KRM chimerism observed in AKI in parabiotic mice 14 days after injury ( Figure 4D versus Figure 4C ). In transplanted mice, successful bone marrow engraftment, although incomplete, was confirmed by predominant bone marrow chimerism for PMN, indicated a nonspecific infiltrative response occurring inside the kidney secondary to systemic administration of poly I:C. Hence, bone marrow hematopoiesis can repopulate R2 KRMs, but only after the cellular niche has been opened, as occurs in the kidney with poly I:C treatment. KRMs demonstrate a developmental switch for MHCII expression. KRMs are embryonically derived, tissue resident, and maintain themselves independent of bone marrow hematopoiesis in the healthy state (35) (36) (37) . KRMs seed the nascent organ as early as E8.5 during development (36) . We hypothesized that a unique phenotypic and transcriptional profile characterizes KRMs at this stage, and, given that they are present during kidney organogenesis, that they are also involved in repair following AKI in adult mice. We studied the surface phenotype of kidney MPs as a function of ontogeny ( Figure 5 ) and found that R2 KRMs at E14.5 are almost entirely negative for MHCII expression, while they are entirely positive at day P28 after birth ( Figure 5, A and B) . In addition, interestingly, the proportional predominance of myeloid lineage leukocytes in developing kidneys suggests that, among leukocytes, myeloid lineage cells are more likely to participate in development from E14.5 to P2, compared with the lymphoid lineage (Supplemental Figure 5) . Utilizing t-stochastic neighbor embedding (tSNE) for analysis of CD45 + lymphoid lineage -Gr-1 -kidney MPs, we found that MHCII + and MHCII -R2 KRMs cluster together at P14 ( Figure 5C ), indicating these are near-identical cell types at the level of surface phenotype. R1-infiltrative MPs clustered away from R2 KRMs and were heterogeneous compared with KRMs, indicating that R1 MPs are a mixture of multiple cell types ( Figure 5C ). We also found the proportion of R2 KRMs positive for MHCII expression increased substantially beginning at P7, with an apparent inflection point at P14 ( Figure 5B) .
KRMs downregulate MHCII after injury. We next tested whether R2 MHCII -KRMs arise after kidney injury induced by bilateral IR-AKI, as we hypothesized that they are important in recovery after injury (Supplemental Figure 6A) . Two days after AKI, the proportion of R2 MHCII -KRMs significantly increased to 27.5% ± 3.4% of R2 (P < 0.05 compared with sham) and 36.8% ± 7.2% at 6 days (P < 0.05 compared with sham, P = 0.37, day 2 vs. day 6) ( 
and R2 MHCII
-phenotypes in the parabiosis model after AKI revealed no difference in chimerism 3 days after injury, indicating that neither subpopulation of R2 KRMs infiltrated from the blood ( Figure  6C ). We utilized an in vivo proliferation assay to test whether the MHCII -R2 KRM subpopulation arose from KRMs already present in the kidney at a time point intermediate between days 2 and 6. EdU nucleoside was administered 3 days after injury, and tissue was studied at 4 days. In these mice, enumeration of R2 KRM subpopulations showed that, at this early time point, consistent with our prior observations, the absolute numbers of total R2 KRMs relative to those undergoing sham operation did not significantly change (P = 0.2). But there was a significant increase in MHCII -R2 KRMs (P < 0.05), while MHCII + cells trended toward a decrease (P = 0.13) ( Figure 6D ). The MHCII + R2 KRMs significantly increased in proportion of uptake of EdU after AKI, and MHCII -trended toward an increase, indicating that both populations likely undergo in situ proliferation ( Figure 6E ). Further, supporting the claim that R1-infiltrative MPs result from bone marrow hematopoiesis, we observed increases in EdU , indicating changes in cell numbers and proliferative activity during period of 3-4 days after injury (EdU treatment at day 3, endpoint at day 4). Mean ± SEM, n = 5-7 from 2 independent experiments, 2-way ANOVA with Tukey's post-test compared with sham control, *P < 0.05.
We next compared each transcriptional profile from KRMs after AKI and P7 KRMs to the transcriptional profile of normal, Qui R2 KRMs. DEGs were classified using a Venn diagram to indicate genes that were commonly upregulated, downregulated, or inverted for the given comparisons ( Figure 7C ). The greatest numbers of shared DEGs were observed for the 3-way intersection of MHCII -AKI, MHCII + AKI, and P7 in comparison to R2 KRMs from Qui, normal mice ( Figure 7C ). Further, transcripts for MHCII genes (H2-Aa, H2-Ab1) and the invariant chain (Cd74) were decreased in MHCII -AKI and P7 KRMs compared with Qui and MHCII + AKI KRMs and R1c MHCII + infiltrative MPs ( Figure 7D ). These observations reveal that, after injury, KRMs reactivate a transcriptional program that reflects a developmental phenotype.
Using an informatics approach to test whether the shared DEGs in the 3-way intersection were linked with biological processes associated with kidney development, we tested for mammalian phenotype gene ontology (GO) terms in the Mouse Genome Informatics (MGI) database from The Jackson Laboratory (46) . In this database, mouse gene mutations have been tagged with associated phenotypes. For upregulated genes from the 3-way intersection, the 10 most significant mammalian phenotype GO terms, by combined score (cutoff FDR < 0.05), contained a high degree of enrichment (6 of 10 terms) for organism-wide development, as well as kidney development and disease (Table 1) , linking KRM injury response to development. In contrast, downregulated genes from the 3-way intersection indicated associations with abnormal B cell phenotypes (Supplemental Table 2 ).
In order to assess whether M1 or M2 macrophage transcriptional profiles associate with injury-responsive or developmental KRMs, we performed gene set enrichment analysis (GSEA) (47, 48) using transcriptomic data from Jablonski et al. to generate the canonical gene sets (49) . However, M1/M2 macrophage gene sets were not useful associations for classifying the KRM response to IR-AKI, nor were they useful for classifying P7 cells (Supplemental Figure 7 and Supplemental Table 3 ). In aggregate, these data support the conclusion that the transcriptional profiles of both MHCII + and MHCII -R2 KRMs after injury resemble MHCII -R2 KRMs isolated from P7 neonatal mice. Further, the observed shared transcriptional programming in injury-responsive KRMs was associated with phenotypes, including kidney disease and development, supporting a link between development and injury response, specifically in KRMs.
Wnt/b-catenin canonical signaling is enriched in injury-responsive and P7 KRMs. The activation of Wnt signaling is necessary for both kidney development and repair from injury (41, (50) (51) (52) (53) ; therefore, we used the curated Ingenuity pathway database to identify DEGs associated with Wnt/β-catenin signaling among the 3-way intersection of MHCII -AKI, MHCII + AKI, and P7 KRMs. Gene set enrichment analysis revealed Wnt/β-catenin signaling as among the 10 most-enriched pathways by P value (Supplemental Table 4 ). Overlaying the differential expression for MHCII -AKI KRMs relative to Qui KRMs over the Wnt/β-catenin gene network, we found a mixed transcriptional signature consistent with transcriptional activation inside KRMs ( Figure 8A ). Relative expression levels measured by RNAseq suggested Wnt4 was expressed at the highest level, compared with all Wnt ligand transcripts detected, among KRMs (Supplemental Figure 8) . Using PCR, we validated differential expression of Wnt4 ligand, as well as receptor, Fzd1, and coreceptor, Lrp6, across KRMs and infiltrative MPs. Expression levels were similar for R2 MHCII -KRMs compared with P7 cells, except for Wnt4, which was increased in KRMs from injured mice compared with Qui KRMs, regardless of MHCII expression. Notably, these transcripts were not observed at comparably high levels in infiltrating R1a or R1c MPs after injury, indicating this response is restricted to resident macrophages (Figure 8, B-D) . Transcripts associated with downstream canonical Wnt signaling were observed after injury in MHCII -AKI KRMs, including Axin2, Tcf4, and Jun ( Figure 8E ). These data indicate KRMs, but not infiltrative MPs, respond to Wnt ligands via canonical Wnt signaling.
Discussion
Macrophages have the potential to promote inflammation, organ fibrosis, or regeneration in response to tissue injury (54) . The results of this work provide insights into the response by resident macrophages in AKI. First, using parabiosis, we established that, despite a significant 8-fold increase in numbers of infiltrating MPs within 24 hours of injury, they contribute minimally to the KRM cell pool after AKI. Therefore, infiltrative MPs do not transition in large numbers into KRMs. Second, KRM do not appear to be replenished through bone marrow hematopoiesis unless they have been depleted. Third, during The extent to which MPs infiltrating from the blood differentiate into resident macrophages after AKI was evaluated. The rationale for asking this question lies in our ability to target these cells therapeutically. For example, if bone marrow-derived MPs are needed to replenish the KRM pool and KRMs are required for healing, it would be counterproductive to deplete infiltrative macrophages or prevent their transmigration into the kidney. We established that in IR-AKI relatively few infiltrative MPs differentiate into F4/80 hi -expressing KRMs after transmigration from the bloodstream to the interstitium (Figures 1 and 3) . While Ki67, a cell cycle protein, was previously found to be expressed in F4/80
hi MPs in response to AKI (13) , the presence of cycling cells did not explicitly demonstrate that a fraction of new KRMs did not also result from cellular infiltration from the blood stream. Using our model of IR-AKI in parabiotic mice, we established that few cells originating from the blood stream become F4/80
hi KRMs, even after substantial infiltrative MP transmigration, which means that in situ proliferation was sufficient to maintain the KRM population. We concluded that infiltrative and resident macrophages are unique cell types, with respect to their origin, a finding which supports inhibition strategies focused on modulating the lineage-specific effects of macrophages, in the environment after injury.
In a prior study, it was shown that bone marrow hematopoiesis depends on the Myb transcription factor (55) . It was subsequently reported that R1 MPs and 50% of KRMs were Myb-dependent (36) .
That group used Mx1
Cre+ Myb fl/fl mice, in which Myb was deleted secondary to treatment with poly I:C. The bone marrow compartment was reconstituted using transplantation with cells from CD45.1 congenic mice (36) . These data were not in agreement with the parabiosis experiments that indicated there was no significant differentiation of bone marrow precursors into KRMs, even after substantial infiltration into the kidney. Using the Mx1
Cre+ Myb fl/fl experimental system, we confirmed that R1 MPs are Myb dependent and, therefore, bone marrow derived. But in our hands, KRMs were depleted by poly I:C in C57BL/6 mice and Mx1
Cre-Myb fl/fl mice, indicating that KRMs are not dependent on Myb. Further, we conclude that, after depletion, KRMs can be replaced by bone marrow-derived precursors, but under normal conditions of injury and homeostasis, they do not appear to receive input from the bone marrow. This conclusion is consistent with our parabiosis experiments which did not display significant differentiation of bone marrow-derived MPs from the peripheral circulation into KRMs, even after substantial infiltration into the kidney. When considering the mechanism by which KRMs are sensitive to poly I:C treatment, we also highlighted that systemic poly I:C injections cause a local infiltrative inflammatory response in the kidney (Figure 4) . At this time, it is not clear whether KRM numbers are reduced in the kidney because of cell death or emigration. Further experiments are needed to determine how poly I:C specifically affects KRMs.
Several studies have demonstrated that kidney MPs are necessary for healing after injury (13, 16, 18, 41) . However, those studies were not designed to discern phenotypically defined subpopulations of renal MPs and did not elucidate if KRMs could potentially have a prohealing role after AKI. However, the presence and activation state of tissue-resident macrophages specifically, compared with cells that are infiltrative in the injured state, are increasingly recognized as pivotal in promoting normal physiology as well as in disease outcomes (13, 44, 56) . Further, increasing attention is being directed toward defining relationships between molecular pathways deployed during organ development and their reintroduction during tissue regeneration in nonlymphoid organs, such as the liver, lung, and kidney (57-64). The lack of MHCII surface expression on some or all KRMs, in the settings of development ( Figure 5 ) or injury (Figure 6 ), has interesting potential consequences with respect to immune responses. MHCII is required for MPs to present antigen to CD4 + T cells. The reduction in MHCII expression by injury-responsive KRMs may have two important consequences. First, reduction in antigen presentation to CD4 T cells after injury may serve to reduce the severity of chronic inflammation. This process may also be relevant during development, during which time tissue remodeling may release normally sequestered antigens. Second, the lack of MHCII expression could also allow for energetic resources to be diverted toward functions associated with injury resolution and healing, instead of promoting inflammation.
A previous study by Zhang et al. concluded that numbers of F4/80 hi MPs increase in the kidney in response to IR-AKI over time (13) . We found that KRM absolute numbers trended toward an increase but did not significantly change compared with KRMs from sham-operated mice 4 days after IR-AKI (20 minutes, ketamine-xylazine, body temperature 36°C ± 1°C). KRMs did demonstrate cell cycle S-phase and a lack of infiltration from the blood stream ( Figure 6 ). Therefore, we hypothesized that, in order to maintain a zero flux for cell numbers, a fraction of KRMs either emigrated from the kidney or died, and progeny cells were produced by in situ proliferation to maintain cell numbers. This in situ proliferation did not result in a robust increase in KRM numbers. However, due to the short time elapsed after injury in our IR-AKI model in individual mice (4 days), it is possible that KRM numbers would have increased in the resolution phase (day 10). From our model of AKI in parabiotic mice, we can conclude that if KRM numbers increased in the resolution phase, it would not likely be due to infiltrative MP differentiation (Figure 1 ). Importantly, both MHCII + and MHCII -KRM participated in cell cycle S-phase after injury, supporting the conclusion that the MHCII phenotype did not associate with infiltrative cells or differential cell cycling ( Figure 6 ).
We became particularly interested in understanding the shared features of the MHCII -KRMs present after injury and during development. We isolated KRMs at age P7 while the kidney is actively developing and just before MHCII expression increases and compared their transcriptional profiles to KRMs isolated 6 days after injury ( Figure 7) . We found that adult KRMs do, in fact, appear to adopt developmental transcriptional programming in response to IR tissue injury.
Canonical Wnt signaling is important in animal models of kidney injury and repair and is associated with the AKI to chronic kidney disease transition in humans after kidney transplantation (64) (65) (66) . Lindström et al. recently brought into focus a central role for Wnt signaling in mouse and human kidney development, and their findings regarding Wnt4 are particularly relevant to our study (51) (52) (53) . Wnt4-null mice die shortly after birth, presumably due to kidney failure (67, 68) . Considering a central role for Wnt4 in organ development and macrophages in the injury response, we have provided evidence that, among the Wnt ligand transcripts, Wnt4 was most abundant in MHCII -KRMs, 6 days after injury. Further, using pathway analysis, we found evidence that KRMs not only produce but also respond to Wnt ligands and activate downstream canonical Wnt signaling (Figure 8) .
To advance these studies toward interventions in patients with AKI, we must understand similarities and differences between mouse KRMs and functionally analogous macrophages in human kidneys. Future experiments will test for shared features of human developmental KRMs and KRMs after injury. This pursuit is currently limited by a lack of explicit means to experimentally identify human KRMs, but ongoing studies aim to address these challenges.
We conclude that the renewing source of KRMs after AKI is predominantly in situ renewal as opposed to infiltration of macrophage precursors from the blood, and KRMs execute an MHCII phenotype switch during development and after injury ( Figure 9) . KRMs after AKI demonstrate an MHCII phenotype and transcriptional profile similar to that of KRMs during development, defining their transcriptional reprogramming during healing. Further supporting their role in development and healing, KRMs participate in canonical Wnt signaling, both by expression of Wnt ligand genes as well as downstream intracellular signaling mediators. Due to the independence of infiltrative and tissue-resident kidney macrophages, even after AKI, our study supports a lineage-centered approach to intervening in macrophage biology in the after AKI setting.
Methods
Animals. Mice were obtained from The Jackson Laboratory and were males aged 8-16 weeks, unless specified, including the following strains: C57BL/5J (stock 000664) and B6.SJL-Ptprc (36) . AKI performed on individual (nonparabiotic) mice followed previously published protocols (15) and consisted of 20 minutes bilateral IR, under i.p.-administered ketamine (90 g/g BW)/xylazine (10 μg/g BW) anesthetic, kept at a body temperature of 36°C ± 1°C, as measured by a rectal thermometer during the procedure. Complete reperfusion was confirmed visually within 1 minute of clamp removal. Poly I:C (MilliporeSigma, P1530) was dissolved in sterile normal saline to a stock concentration of 1 mg/ml and stored at -20°C. 10 μg/g BW or saline vehicle were administered every other day via intraperitoneal injection for a total of 7 injections.
Parabiosis model. Male mice matched for age 10 weeks ± 7 days and body mass 25 ± 5 g were cohoused from the age of 4 weeks ± 7 days, with a density no greater than 6 mice per cage. The animals were monitored daily for evidence of fighting and were exposed to gel food diet supplement at least 2 times, 2-6 weeks before parabiotic attachment surgery. Animals were randomly assigned a pair member within their cohoused cohort.
Parabiosis surgery was performed as previously described (35) . Animals were provided with water in a plastic dish on the floor of the cage as well as moistened chow and gel food diet supplement (Bio-Serv Nutra-Gel Diet, 6.7 g/pair, 1/6 of 40 g cube) daily for 4 days after the procedure. During this period, body weight was recorded, and mice were observed for signs of delayed recovery, pain, distress, open wounds, or infection. From 5 days after procedure, gel food diet supplement was provided every other day, until 28 days after parabiosis. After separation, with care taken to avoid infection, interrupted 5-0 absorbable sutures were placed to close skin near joints and continuous sutures ventrally and dorsally to close the skin incision along the flank. For all parabiosis mice, including AKI in parabiosis mice, buprenorphine was administered as needed for analgesia (1 μg/g BW).
AKI in parabiosis. Parabiotic chimeras were anesthetized with inhaled isoflurane 1.5%-2.0% v/v induction, 1.0%-1.5% v/v maintenance, via a dual nose cone. Fur was removed from the surgical site; the bilateral flank regions of the injury or sham mouse were disinfected and incisions were made. Atraumatic vascular clamps (Fine Science Tools, 18055-05) were applied to the hilum of both kidneys. Ischemia was confirmed by color change to dark purple and maintained for 30 minutes with careful maintenance of body temperature at 36°C ± 1°C by rectal thermometer. Reperfusion was visually confirmed within 1 minute. Mice were monitored during recovery from anesthesia. In some cases, one parabiotic pair member recovered more quickly than its partner. Water and gel food diet supplement were provided on the floor of the cage every day for 3 days after surgery.
Flow cytometry. Leukocytes were isolated as previously described (35) . Mice were anesthetized with isoflurane (2.5% v/v for induction, 1.5% v/v for maintenance) and perfused with 30-40 ml cold phosphate buffered saline through the left ventricle. Tissues were digested with Liberase DL (Roche Diagnostics) in DMEM medium, 10 mM HEPES, pH 7.4, for 30 minutes at 37°C shaking. Cold PEB buffer (PBS, 2 mM EDTA, 1% v/v BSA) was added to stop digestion. Tissues were disaggregated by aspiration through 18-g and then 20-g syringes in sequence and passed over a 40-μm nylon cell strainer. Red blood cells were lysed using ACK lysis buffer at room temperature for 2 minutes for kidney, 3 minutes for spleen, and 5 minutes for blood, followed by a wash with cold PBS. Leukocytes were stained according to the following protocol. Cells were washed with staining buffer (PBS, 0.5% w/v BSA, 0.01% w/v sodium azide) or PBS. Fcγr2/3 was blocked with anti-mouse CD16/32 (clone 93), followed by surface staining. Flow cytometry cell staining panels are listed in Supplemental Table 1 . 7-Aminoactinomycin or Aqua Live/Dead (Invitrogen, L34966, 1:1000 in PBS prior to surface stain) were used for dead cell exclusion. See Supplemental Table 1 for details regarding monoclonal antibodies used for flow cytometry. Stock EdU solution was made at 25 mg/ml in DMSO and stored desiccated at -20°C. EdU was diluted to 5 mg/ml in sterile normal saline immediately prior to injection and administered intraperitoneally at a dose of 1 mg per animal, 24 hours prior to endpoint. Click-iT EdU Alexa Fluor 647 staining for flow cytometry was performed per the manufacturer protocol (Invitrogen, C10419). For RNAseq and qPCR on isolated leukocyte subpopulations, cells were isolated using electronic cell sorting on a FACSAria (BD) and were sorted directly into Trizol (Life Technologies).
Confocal immunofluorescence and bright-field microscopy and digital image analysis. Following cryosectioning, kidney tissue was washed with 1× PBS and fixed with 4% PFA for 10 minutes. The section was permeabilized with 0.2 % Triton X-100 for 8 minutes and blocked in PBS with 1% BSA, 0.3% Triton X-100, 2% v/v donkey serum for 30 minutes at room temperature. Sections were incubated in primary antibody overnight at 4°C followed by the addition of appropriate secondary antibodies for 30 minutes at room temperature. Following addition of secondary antibody, slides were washed and nuclei were stained by Hoechst nuclear stain (1:1000, Thermo Fisher). Coverslips were mounted using IMMU-MOUNT (Thermo Fisher). All fluorescence images were captured on Nikon Ti2 Spinning Disk (Yokogawa X1) confocal microscope. Bright-field images of periodic acid-Schiff hematoxylin-stained sections were acquired using a Keyence BZ-X700 microscope. Digital image analysis was performed in FIJI (version 1.51n). Colocalization analysis above experimenter-set threshold reports Mander's Colocalization Coefficient, as measured by JACoP (Just Another Colocalization Plugin) (69) . Color, brightness, and contrast adjustments were made in an identical manner for matched sections.
RNA isolation and quantification of mRNA expression. Total RNA was isolated using the miRNEasy Micro Kit (Qiagen, 217084) following the manufacturer's protocol. RNA quality was assessed using the Agilent 2100 Bioanalyzer and only samples with a RIN score > 8.0 were used for qPCR or RNAseq. RNA was sequenced on NextSeq500 system (Illumina), and the library was prepared with the Agilent SureSelect Stranded mRNA kit.
Relative mRNA expression was quantified using SYBR Green-based real-time PCR from cDNA generated from total RNA (Thermo Fisher). Comparative threshold cycle method was employed, and values were normalized to GAPDH mRNA as an internal control. Primers used included the following: Wnt4 fwd: 5′-GGTGGTGACACAAGGGACCCG-3′, rev: 5′-GCACTGTCCGGTCACAGCCA-3′; Fzd1 fwd: 5′-CAGCAGTACAACGGCGAAC-3′, rev: 5′-GTCCTCCTGATTCGTGTGGC-3′; Lrp6 fwd: 5′-GCCCCTTTGTTGCTTTATGC-3′, rev: 5′-AACGAAGCGACTTGAGCCAT-3′; and GAPDH fwd: 5′-ATCATCCCTGCATCCACT-3′, GAPDH, rev: 5′-ATCCACGACGGACACATT-3′. All reactions were performed in duplicate, and melting curve analysis was employed to monitor specificity.
RNAseq data processing and analysis. Sequencing data have been deposited within the Gene Expression Omnibus repository (GSE121410). RNA was submitted to the Heflin Genomics Core (University of Alabama at Birmingham [UAB]) for paired-end, high-throughput RNAseq using Illumina NexSeq500 with 75-bp read-length. Sequenced samples were then inspected for quality using Multiqc (70) to ensure PHRED >30. Reads were aligned and annotated to the Gencode mus musculus genome (GRCm38) using STAR (71), transcript abundances (raw counts) were calculated using HTSeq-Count version 0.9.1, and differential gene expression performed using DESeq2 (72) (1.18.1) within the R (3.4.2) statistical computing environment, as described previously (73), with project-specific details outlined in the Supplemental Methods. To address sample-size constraints (n = 3), aligned count dispersion estimates were determined via maximum likelihood to assume that genes of similar average expression strength possess similar dispersion, as previously described (72) . These gene-wise dispersion estimates were then shrunken by an empirical Bayes approach to provide normalized count data for genes in proportion to both gene dispersion and sample size. Differential expression was determined using quantile-normalized read counts via log 2 (fold change) using the Wald test followed by Bonferroni-adjusted P value (i.e., Q value, FDR) for each aligned and annotated gene. Statistical significance was assigned using an unpaired 2-tailed Bonferroni-adjusted P value (Q value, FDR) of less than or equal to 0.05 unless otherwise specified.
Functional and network gene enrichment analysis, along with curated literature-supported candidate upstream regulators, were performed using either Enrichr (74, 75) or QIAGEN's Ingenuity Pathway Analysis (IPA, QIAGEN) on RNAseq data sets (P < 0.01 versus R2 Qui). Using Enrichr Ontologies, statistically significant (FDR < 0.05) phenotype associations from the MGI Mammalian Phenotype gene set were reported. Within IPA software, pathway analysis was done both on the individual data sets and as a combined "comparison" analysis to determine overlapping enriched pathways. Heatmap generation was performed using pheatmap package (1.0.8) within R.
Kidney function measurements. Serum creatinine was quantified at the UAB-UCSD O'Brien Center for AKI Research using liquid chromatography-tandem mass spectrometry (LC-MS/MS) as previously described (76) .
Statistics. Statistical analyses were performed using Graphpad Prism software (version 7.0c). Specific statistical tests applied appear in figure legends and include 2-way ANOVA with Tukey's post-test, 2-way ANOVA, Sidak's post-test, 1-way ANOVA with Sidak's post-test, and 1-way ANOVA with Dunnett's posttest. Data are presented as mean ± SEM. Values of P < 0.05 were considered statistically significant.
Study approval. All procedures involving mice were performed in accordance with National Institutes of Health guidelines regarding the care and use of live animals and were reviewed and approved by the Institutional Animal Care and Use Committee of UAB.
